Canyon-shaped reservoirs are often characterised by longitudinal gradients of environmental factors (including trophic level, phytoplankton and zooplankton biomass and abundance of planktivorous fish) affecting the taxonomic composition of the pelagic community. We tested the hypothesis that the spatial distribution of different species and interspecific hybrids of the Daphnia longispina species complex is non-random under such conditions. During the summer stratification, we sampled crustacean zooplankton from 11 reservoirs, covering both longitudinal (upstream, middle, dam) and vertical (epi-, meta-and hypolimnion) environmental gradients. Allozyme electrophoresis was used to discriminate among different Daphnia taxa. All three frequently hybridizing European species of the complex (galeata, cucullata, longispina ¼ hyalina) and hybrids with Daphnia galeata were commonly recorded. Smaller-bodied Daphnia cucullata and its hybrids, when present, preferred mostly the nutrient-and food-rich upstream regions; D. longispina and its hybrids were more commonly found in the downstream part, and often dominated in the meta-or hypolimnion. Redundancy analyses confirmed significant differences in the Daphnia taxon composition, as well as in spatial distribution of other crustacean species, along both gradients. For the first time, we demonstrate regular patterns in the horizontal distribution of Daphnia species and hybrids within a water body, thus accepting our hypothesis. Such spatial distributional patterns may strongly impact local hybridization processes.
The primary cause of spatial heterogeneity within reservoirs is the decreasing trophic level along the reservoir main axis. Increased concentrations of nutrients in the upstream parts, sustained by the river inflow, positively stimulate algal growth, so the algal biomass and chlorophyll a concentration typically decreases towards the dam (Fernandes-Rosado et al., 1994; Desortová, 1998; Hejzlar and Vyhnálek, 1998) . The distribution of zooplankton usually reflects this food source gradient (Urabe and Murano, 1986; Dohet and Hoffmann, 1995; Thys et al., 1998) , although both patterns may be disrupted by water flow (Hayward and Van Den Avyle, 1986; Pont and Amrani, 1990) . A similar general distribution can be observed also for fish, which are reported to be more abundant in shallow sites near headwaters (Brosse et al., 1999; Gido et al., 2002; Vašek et al., 2004) .
Various species of crustacean zooplankton often seem to have different spatial preferences for the occurrence in long and narrow reservoirs. Generally, large-sized zooplankton favours downstream regions with a lower trophic level, while small-sized species are more abundant in the usually more eutrophic upstream parts. This is in agreement not only with the abundance of planktivorous fish and therefore the strength of predation pressure, but also with the size-efficiency hypothesis (Brooks and Dodson, 1965; Gliwicz, 1990) , which predicts that larger filtrators are more efficient at lower food levels. The downstream reservoir regions also offer an additional advantage for more vulnerable largebodied crustaceans, as the deep strata devoid of fish may serve as a refuge against predation (Flik and Vijverberg, 2003; Hembre and Megard, 2003) .
Such a longitudinal distribution pattern of zooplankton, explained primarily by fish predation, was reported for example from Ogochi Reservoir, Tokyo (Urabe, 1990) . Relatively large-sized Daphnia galeata predominated near the dam site and its abundance declined towards the upstream region, while the abundance of other species showed the opposite pattern. The small cladoceran Bosmina longirostris was found especially abundantly at the site near the river inflow. Similarly, Pont and Amrani (Pont and Amrani, 1990 ) demonstrated the importance of fish predation for spatial distribution of differently sized cladocerans in Sainte-Croix Reservoir (S.E. France). While the densities of small Ceriodaphnia pulchella were similar all along the reservoir, largerbodied Daphnia and Diaphanosoma species were significantly more abundant near the dam.
In our study, we focused on the spatial distribution of crustacean zooplankton in Czech canyon-shaped reservoirs with a special emphasis on interspecific differences within a single cladoceran genus, Daphnia. Species of this genus are among the most important grazers in temperate lakes and reservoirs, and have served as models in many ecological and evolutionary studies. The most common Daphnia inhabiting large European reservoirs are members of the Daphnia longispina group (Flössner, 2000) : Daphnia galeata Sars, Daphnia cucullata Sars and D. longispina (O. F. Müller) (the genetic evidence suggests that both the pelagic Daphnia hyalina and pond and littoral Daphnia rosea should be considered only the morphs of the last taxon; Petrusek et al., submitted). Members of the complex often coexist (e.g., Glagolev, 1986; Spaak et al., 2000) and occasionally all three species may be found in the same water body. These taxa may differ in size (D. cucullata is in general the smallest and D. longispina may become the largest), susceptibility to fish predation (D. cucullata and its hybrids with D. galeata being least susceptible) (Spaak and Hoekstra, 1997; Spaak and Boersma, 2006) , reaction to predator kairomones (Spaak et al., 2000; Spaak and Boersma, 2006) , as well as responses to varying food quantity and quality (Boersma and Vijverberg, 1994a, b; Repka, 1996; Seidendorf et al., 2007) . However, extensive interspecific size variation and phenotypic plasticity, as well as hybridisation and introgression, may cause substantial overlap in most of ecologically relevant traits.
Interspecific hybridisation within the D. longispina species complex, and especially among the three abovementioned species, is a common phenomenon (Schwenk and Spaak, 1995; Schwenk et al., 1998) . As hybrids may advantageously combine parental traits, under certain levels of fish predation they may become more efficient than parental taxa because of combination of relatively small size but high growth rate (Spaak and Hoekstra, 1995; Declerck and De Meester, 2003; Spaak and Boersma, 2006) . It may therefore be presumed that different taxa of the species complex will dominate in environments differing in the food supply and predation pressure. Indeed, this is the case when different water bodies are compared -such as in the extensive survey of the taxonomic composition of the D. longispina complex in 31 Dutch lakes (Schwenk, 1997) .
We tested the hypothesis that species and hybrids of the D. longispina species complex will also show different spatial distribution within a single water body along an environmental gradient. Distribution of food as well as predation pressure, together with the respective Daphnia species characteristics, would predict that D. cucullata should be more favoured in the upstream region, and D. longispina (hyalina morph) at the deep lacustrine region. In 11 long and deep dammed valley reservoirs, we therefore compared the taxonomic composition of Daphnia at three sites along the longitudinal reservoir axis, as well as in different layers of the vertically stratified lacustrine part of the reservoir. The extent of Daphnia differentiation was also compared to the taxonomic composition of the whole community of planktonic crustaceans.
M E T H O D
Zooplankton samples for the analyses of longitudinal and vertical distribution patterns were collected from 11 Czech reservoirs between July 7 and July 21, 2004 (Table I , Fig. 1 ). The investigated reservoirs were selected to fulfil the following criteria: (i) canyon-shaped morphology ( Fig. 1) , i.e. reservoir length significantly longer than the reservoir width, and the depth increasing towards the dam and (ii) position on a watercourse ensuring that the zooplankton composition observed in the inflow region is shaped primarily by local processes and not by import from upstream water bodies.
From each reservoir, we collected five samples: upstream near the river inflow, in the centre of the reservoir and from the epilimnion, metalimnion and hypolimnion of the deepest area near the dam. The extent of the epi-, meta-and hypolimnion was determined by measurement of temperature and oxygen profiles immediately prior to sampling. Samples from the upstream end of the reservoir, central part of the reservoir and epilimnion near the reservoir dam were collected by vertical hauling using a plankton net of 170 mm mesh size. Samples from the metalimnion and hypolimnion were collected with a similar closing net.
Two types of zooplankton samples were collected at each station: firstly, a quantitative sample for the analysis of species composition of the whole crustacean community, which was preserved by 4% formaldehyde; secondly, a sample for the discrimination of species and hybrids within the D. longispina group, preserved on site by deep-freezing in liquid nitrogen. In total, 55 samples (five samples per reservoir, 11 reservoirs) were available for the analysis of crustacean communities. Hypolimnetic samples from three reservoirs (Horka, Kníničky, Šance) contained no Daphnia (or negligible densities), so altogether 52 samples were available for the analysis of Daphnia spatial distribution.
Allozyme electrophoresis on cellulose acetate gels (Hebert and Beaton, 1989) was used for identification of Daphnia taxa within the D. longispina group. Approximately 40 randomly selected adult females were used from each sample. Two species-specific allozyme loci were scored: sAAT -amino aspartate transferase (EC 2.6.1.1) and AO -aldehyde oxidase (EC 1.2.3.1). It has been shown that sAAT and AO can be used as diagnostic markers to discriminate among D. galeata, D. longispina and D. cucullata and to identify their hybrids (Wolf and Mort, 1986; Gießler, 1997) . Daphnia galeata is fixed for F (fast) alleles whereas D. longispina is fixed for S (slow) at both loci. Daphnia cucullata is fixed for F and S 2 (very slow) alleles at AO and sAAT loci, respectively. Alternative names under which some reservoirs are known are noted in parentheses. Fig. 1 . Location of the studied reservoirs in the Czech Republic ( principal rivers are shown) and schematic outlines of their morphology (outlines not to scale; see Table I for reservoir lengths). A small arrow indicates position of the dam and outflow of each reservoir.
Using these markers, we distinguished eight genealogical classes present in our samples: three parental species (two homozygous species-specific alleles at each loci), two F1 generations of hybrids for D. galeata Â cucullata and D. galeata Â longispina, respectively (both loci heterozygous), two potential backcrosses of D. galeata Â longispina hybrids (one locus homozygous for one species and the other heterozygous; these include also some F2 hybrids) and an F2 generation of hybrids for D. galeata Â longispina (both loci homozygous, but one characteristic for the first species and the other for the second species). As the relative frequencies of backcrosses and the F2 generation of D. galeata Â longispina hybrids were very low (only 2.05% of all individuals; Table II ) we pooled them with F1 hybrids for the purpose of this study.
Multivariate analyses of the spatial distribution were performed with the software package Canoco for Windows 4.5 (ter Braak and Šmilauer, 2002) . Linear multivariate methods ( principal components analysis (PCA) and redundancy analysis (RDA)) were chosen based on the relatively low heterogeneity of the compositional data (Lepš and Šmilauer, 2003) . Original counts were log-transformed and standardization by samples was used to focus the analyses on the differences in relative proportion of individual taxa. Centroids representing individual reservoirs or particular positions along the horizontal or vertical profiles were projected into ordination diagrams to aid in their interpretation.
Variation in the relative occurrence of Daphnia taxa or of other crustacean species was summarized using PCA. To visualize and test for the differences in community composition along the horizontal or vertical spatial profiles, partial RDA (using reservoir identity as a covariate) was performed, separately for each of the three sampling stations along the longitudinal gradient and for the three downstream samples along the vertical gradient. We pooled the data from the epi-, meta-and hypolimnion at the downstream sampling station for analysis of horizontal distribution. The mean density of individual taxa at this region was calculated as the weighted average of respective densities in all three vertical layers, with the weight of each layer determined by its volume (see Table III for results). All analyses were performed separately for the members of the D. longispina complex and for the remaining crustacean species. The significance of the relationship between species composition data and the selected spatial gradient was tested using a model-based type of Monte Carlo permutation test (ter Braak and Šmilauer, 2002) .
R E S U LT S
Altogether 2103 Daphnia analysed from 52 samples were assigned to eight taxa of the D. longispina species complex based on their electrophoretic patterns. Table II summarises the distribution of these taxa in reservoirs and analyzed samples, and their proportion among all analysed individuals; densities and detailed spatial distribution in individual reservoirs is shown in Table III . The most common parental species from the complex was D. galeata, which occurred in 10 out of 11 reservoirs, and formed over 66% of all analysed individuals. The other two parental species and their hybrids were less frequent, but their distribution among reservoirs seemed to be relatively balanced: each of D. longispina, D. cucullata, D. galeata Â longispina, as well as its backcrosses, was found in six reservoirs, D. galeata Â cucullata in four reservoirs.
The distribution of taxa in individual samples and their frequency among all analysed individuals, however, followed a different pattern (Table II) : D. galeata Â longispina F1 hybrids were the second most common taxon after D. galeata both in the number of samples with their occurrence (19, i.e. 37%) and in the ; bottom line); density at the dam is calculated for each vertical layer separately as well as integrated for the whole water column (last column). Taxa are abbreviated as follows: c -D. cucullata, g -D. galeata, l -D. longispina; gc, gl -F1 hybrids of the respective parental species; glg, gll -backcrosses (or F2 hybrids); F2gl -F2 hybrids.
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number of analysed individuals (12.9%), being followed by both remaining parental species. Daphnia galeata Â cucullata hybrids were found in nine samples (17%) but usually at relatively low densities, accounting for no more than 1% of all analysed individuals.
The longitudinal distribution of D. cucullata and the D. galeata Â cucullata hybrids in all reservoirs with their presence is shown in Fig. 2a . Usually, these taxa were more common in upstream regions of the reservoir than at the dam -this trend was apparent in all reservoirs where the relative frequency of these taxa exceeded 5%, though it was reversed in two reservoirs, Trnávka and Ř ímov, where their frequencies were low (below 4%). Vertical distributions of D. cucullata and its hybrid are not shown, as these taxa were encountered at the dam in only negligible densities. Interestingly, however, in four out of five reservoirs where either of them was found at the dam, they were recorded only in the metaor hypolimnion. This affinity for deeper layers and a tendency to avoid the epilimnion at the dam is reflected in the ordination diagram in Fig. 3e .
The longitudinal distribution of D. longispina and the D. galeata Â longispina hybrid is shown in Fig. 2b . The trend for these two taxa was opposite to D. cucullata and D. cucullata Â galeata hybrids: relative abundances of both D. longispina and D. galeata Â longispina were higher at downstream stations and these taxa were either found in low densities or completely absent from upstream regions. The only exception to the trend in the D. longispina longitudinal distribution was found in the reservoir Ž lutice. At this locality, hybrids D. galeata Â longispina strongly dominated at the dam and middle sampling stations, while parental D. longispina was found at only a relatively small frequency (4 %) in the upstream part.
The vertical distribution of D. longispina and D. galeata Â longispina in samples collected at the dam is summarized in Fig. 2c . In all reservoirs with the presence of these taxa, their relative frequency in at least one of the two deeper layers exceeded that in the epilimnion: relative frequencies in the metalimnion were higher than in the epilimnion in all but one case (the hybrid in Vír), and occasionally D. longispina or its hybrid dominated also in the hypolimnetic samples. This does not necessarily mean that these taxa always prefer meta-or hypolimnetic conditions, but certainly indicates that they are able to cope better with the environmental conditions in deeper strata than D. galeata. The absolute densities in the meta-or hypolimnion exceeded epilimnetic values in the following cases: D. longispina in Vír, Ž elivka and Vranov, and the D. galeata Â longispina hybrid in Vranov and Šance. Figure 2 indicates that Daphnia from the D. longispina species complex in deep canyon shaped reservoirs seem to be spatially structured on both longitudinal and vertical reservoir axes. The inter-reservoir comparisons in the previous three figures are also influenced by the fact that the zooplankton community structure in the five samples from each reservoir is not independent. In other words, the differences in the zooplankton communities among reservoirs are relatively higher than the differences among sampling stations. This can be seen from the PCA ordination diagrams in Fig. 3a and 3d where the scatter of reservoirs is larger than the scatter of locations within each reservoir.
The importance of the spatial structuring of the D. longispina species complex on both longitudinal and vertical reservoir axes was analysed by RDA ( Fig. 3b  and 3e ). The differences in Daphnia taxa composition in longitudinal and vertical directions explained, respectively, 19 and 20% of the variability remaining after correction for differences among reservoirs. These differences are statistically significant (P ¼ 0.04 and 0.01, respectively).
Although the D. longispina complex is a very important component of reservoir zooplankton, the species richness of crustacean zooplankton is much higher. We therefore also tested for spatial structuring of all planktonic crustaceans except Daphnia using RDA (Fig. 3c  and 3f ). The differentiation of the crustacean community was highly significant (P , 0.001) in both the longitudinal and vertical directions and explained 18 and 19%, respectively, of the variability remaining after correction for differences among reservoirs.
D I S C U S S I O N
Our study clearly demonstrates that significant differences in the spatial distribution of species and interspecific hybrids from the D. longispina complex can be commonly observed in canyon-shaped reservoirs. The longitudinal gradients in the reservoirs apparently facilitate the coexistence of the different taxa within a single water body. However, their differing spatial distribution must also influence the local processes of interspecific hybridization and potential horizontal gene flow among parental species.
In general, the distribution of the respective taxa followed the expected pattern -the smallest species, D. cucullata, showed a preference for the upstream regions. The conditions there -increased planktivorous fish predation pressure, high food concentration and higher levels of phosphorus -certainly favour this small-bodied taxon (Gliwicz, 1990 (Gliwicz, , 2003 . Interestingly, the distribution of D. galeata Â cucullata hybrids was much more variable, and less predictable. No such hybrids were found in the Kníničky and Vír Reservoirs where both parents coexisted and longitudinal variation of D. cucullata abundance was observed (Fig. 2a) . Nevertheless, the distribution of hybrids in Vranov Reservoir suggested that at least in some cases, regions in central parts of the reservoir may occur where hybrids are favoured.
This observation of an apparent spatially defined "hybrid zone" is in contrast with most observations of the co-occurrence of Daphnia hybrids and parental species in a single water body -little horizontal differentiation is to be expected in the relatively homogenous environment of natural lakes, so the changes in taxon dominance occur in a temporal rather than spatial scale. The temporal hybrid superiority model Hoekstra, 1995, 1997) explains the short-term success of hybrids by variation of factors favouring hybrids in time. However, trophic gradients in a reservoir provide a wide range of environmental conditions simultaneously, and such spatial variation may be of equal importance as the temporal one. We may therefore speculate that during most of the growing season, it might be possible to find a location along the gradient where hybrid genotypes could gain a competitive advantage.
In contrast to the previously mentioned taxa, shallow upstream regions of reservoirs seemed to be generally devoid of D. longispina or D. galeata Â longispina hybrids, which found a more suitable environment further downstream (Fig. 2c) . The pelagic form of D. longispina -D. hyalina -as well as its interspecific hybrids are known to be taxa that often exhibit depth-specific preferences or diel vertical migrations in vertically stratified environments (e.g., Pijanowska, 1992; Weider and Stich, 1992; King and Miracle, 1995; Sakwińska and Dawidowicz, 2005) . The published affinity of D. longispina and D. galeata Â longispina hybrids to the deeper layers largely corresponds with the pattern observed by us (Fig. 2c) . Most likely, this vertical spatial distribution in reservoirs is also due to the potential presence of planktivorous fish. Unlike the usually non-migrating D. galeata, D. longispina may decrease the impact of visual predators by moving to deeper strata where fish are largely absent (Weider and Stich, 1992; King and Miracle, 1995) . We do not know, though, whether the studied reservoir populations exhibited diel vertical migrations or whether animals encountered in the meta-and hypolimnion stayed in the deeper layers also overnight, as was the case for a genetically differentiated hypolimnetic Daphnia galeata subpopulation in Ř ímov Reservoir (Seda et al., in press ).
The interesting pattern in the vertical distribution of D. cucullata and its hybrids at the downstream sites -an apparent strong preference for the deeper layers (Fig. 3e) -is unlikely to be explained by the presence of fish alone. These taxa are not typical migrating taxa, and their relatively smaller size would constitute a competitive advantage over other coexisting Daphnia, so they would most likely survive in the epilimnion even under fish predation pressure (Spaak and Boersma, 2006) . It is probable that both D. cucullata and D. galeata Â cucullata are mostly outcompeted by more efficient filtrators (Gliwicz, 1990; Boersma and Vijverberg, 1994a) , such as larger D. galeata or D. longispina. This nevertheless does not explain their vertical distribution. Possibly, the observed pattern may be rather related to differences in the food quality between the epilimnion and deeper layers. For example, an important indicator of a food quality, C:P ratio, may affect the success of Daphnia species and clones, which respond differently to feeding on phosphorus-limited algae (Seidendorf et al., 2007) . Although certainly less abundant, the seston in deeper layers has higher phosphorus content than in the epilimnion (Garcia-Ruiz et al., 1999) . Similarly, differences in the content of other essential nutrients, such as fatty acids, may play a role. Under certain circumstances, the hypolimnetic seston is likely a more suitable food source than seston from the epilimnion. This is also supported by laboratory experiments from Ř ímov Reservoir where D. galeata clones produced significantly larger clutches (though partly outweighed by slightly longer postembryonic development time) when grown in hypolimnetic rather than in meta-or epilimnetic water (Macháček and Seda, 2007) .
On the other hand, both the horizontal and vertical distribution of the studied taxa within reservoirs may be affected by additional factors, such as parasitism. It has recently been shown that parasites may not only strongly influence the density of different taxa of the Daphnia longispina complex but even overturn the outcome of interspecific competition (Wolinska et al., 2006) . If the parasite densities differed among different reservoir parts or vertical layers, they could add to other, better known sources of environmental heterogeneity. Investigation of the parasite spatial distribution along environmental gradients may be a promising avenue of further research.
The common co-occurrence of different taxa of the D. longispina species complex in the studied reservoirs was to be expected. As far as we know, however, the horizontal variation in the frequency of hybrids and parents within a water body has not been reported before, apparently due to the little spatial variation of natural lakes, and possibly also due to the focus on inter-lake comparisons in previous studies rather than local spatial variation. Patterns in the Daphnia taxon composition observed by us may have important consequences especially in the period of sexual reproduction. The extent of interspecific hybridization or backcrossing should be dependent on the proportion of parental taxa; therefore, we may presume that differing proportions of hybrid resting eggs are produced in different parts of reservoirs. If the horizontal environmental gradient facilitates hybrid dominance at least locally in periods of sexual reproduction, we may presume that the extent of introgression or production of latergeneration hybrids in some reservoirs may be higher than in more homogeneous lakes. Although our results so far do not suggest that F2 or backcrossed individuals form a significant proportion of the studied populations, detection of horizontal gene flow based on only two markers is rather crude. An analysis applying more variable markers, such as microsatellites already available for all members of the complex (Brede et al., 2006) , may reveal traces of more substantial gene flow.
Similarly as in Daphnia, the spatial distribution of other species of crustacean zooplankton in the studied reservoirs was heterogeneous, confirming the results of previous studies (Urabe and Murano, 1986; Dohet and Hoffmann, 1995; Thys et al., 1998) . The size structure of zooplankton communities followed expectations and conformed to the pattern observed in Daphnia, with upstream regions favoured by small-sized crustacean species (Ceriodaphnia, Chydorus, Leydigia, Thermocyclops) and downstream regions inhabited by larger crustaceans (cf. Fig. 3b and 3c ). This is in accordance with presumed high fish predation pressure at these locations (Vašek et al., 2003 (Vašek et al., , 2004 Brosse et al., 1999; Gido et al., 2002) and corresponds to patterns first reported by Urabe (Urabe, 1990) .
The spatial heterogeneity of zooplankton species composition in deep canyon-shaped reservoirs is apparently a general rule, and implies that an accurate picture of the pelagic community structure in these localities cannot be obtained without a balanced sampling design taking into account pronounced horizontal heterogeneity. Despite this heterogeneity, however, a number of species, including the most common daphnid D. galeata, were often found along the whole reservoir length. As the local subpopulations of such taxa are also influenced by the environmental gradient, we may presume that spatial structure could also be developed at the intraspecific level.
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